Unambiguous quantum state discrimination, assisted by an auxiliary system, generally requires quantum correlations as a resource. A particular case of unambiguous quantum state discrimination requiring only quantum discord without entanglement was introduced by Roa et al. [Phys. Rev. Lett. 107, 080401 (2011)]. Also, after the resource-theoretic formulation of quantum coherence, the transformation relations between quantum coherence and quantum correlations have been studied extensively. We propose here a protocol that requires only coherence to unambiguously discriminate nonorthogonal quantum states, and also quantify the required coherence for the optimal unambiguous quantum state discrimination strategy in some particular cases.
I. INTRODUCTION
Quantum mechanics, in effect, deals with physical systems at the microscopic level. A quantum physical system may admit many different quantum states, and these states are in general nonorthogonal therby meaning that two different quantum states have nonzero overlap. A fundamental result in quantum mechanics is the impossibility to perfectly distinguish two or more nonorthogonal states. Consequently, it becomes difficult to determine with certainty in which of these states the quantum system has been prepared. Determining the state of a quantum system is then a key task in quantum physics, particulary in quantum information theory in which information transmission and processing is primarily done using systems such as photons, which inherently follow quantum mechanical dynamics. Quantum state discrimination (QSD) underlies devising strategies to discriminate between nonorthogonal quantum states as accurately as possible. Discrimination of states facilitates extracting classical information from quantum systems. QSD has various useful applications in quantum information processing [1] [2] [3] , and it branches out into two important streams: ambiguous quantum state discrimination (AQSD) [1] and unambiguous quantum state discrimination (UQSD) [4] . Though several strategies to discriminate between quantum states exist in literature, optimal strategies of QSD are yet to be figured out. In this regard, significant research has been conducted to minimize errors in QSD [5] . The study of minimization of error in state discrimination was pioneered by Helstrom [1] who provided a lower bound on the error probability for distinguishing between two quantum states. It has been enriched further by presenting an upper bound of success probability for distinguishing between d quantum states [6] , and many studies have focused on achieving that bound [7] [8] [9] [10] [11] [12] . In addition, the protocol for unambiguous discrimination of linearly independent nonorthogornal quantum states, assisted by an auxiliary system, is of fundamental interest [13] . While quantum entanglement is regarded as a key resource in quantum information processing [14] , the assisted unambiguous discrimination for two nonorthogonal states that requires only quantum dissonance was introduced by Roa et al. [15] , and its generalization and various applications have been studied thereafter [16, 17] . In this paper, we move a step further and propose a QSD protocol that requires coherence as a resource.
Because both quantum coherence and quantum correlations have intrinsically the same origin in superposition, the fact that quantum correlations such as entanglement and dissonance (dissonance is quantum discord without entanglement) are required to discriminate between quantum states naturally raises some questions. First, how to devise a protocol for UQSD using only quantum coherence as a resource. Next, if coherence is required for the UQSD, what is the relationship between the degree of coherence and the efficiency of discrimination? We present a mathematical and logical approach to answer the above questions.
The paper is structured as follows. Sec. II introduces quantum coherence and UQSD. In Sec. III, we propose a protocol that requires only coherence to unambiguously discriminate nonorthogonal quantum states and provide a numerical relationship between coherence and the success probability of discrimination. In Sec. IV, we quantify coherence for the optimal discrimination strategy in some particular cases using skew information based coherence (see Eq. (1)). Sec. V concludes with a summary.
II. COHERENCE AND UQSD

A. Coherence
Coherence is of fundamental importance in quantum physics as this physical property is held responsible for the manifestation of interference and diffraction phenomena in nature. It plays a crucial role in various quantum theories from the superposition principle to quantum correlations. Quantum superposition is widely believed to be a signature of the wave nature of a quantum particle and is a major factor causing the quantum properties. Therefore, substantial investigations have been made to observe a wide range of quantum physics via quantum coherence. Until recently, however, there was arXiv:1807.04542v1 [quant-ph] 12 Jul 2018 no systematic established framework for characterisation of quantum coherence. A first few major results in Refs. [18, 19] fermented the task of characterising and quantifying coherence. Baumgratz et al. [20] put forward the resource-theoretic framework of coherence and declared a set of axioms or preconditions for a measure of coherence. Their framework is essentially basis-dependent. Similar to any generic resource theory like entanglement, the rigorous characterization and quantification of quantum coherence begin with the identification of "free states" (states that do not possess resource) and "free operations" (operations which cannot generate resource). For a fixed orthonormal basis {|i } (alternatively, a von Neumann measurement Π = {Π i = |i i|}) of a system H, we recall the axiomatic notion of coherence by Baumgratz et al [20] .
(i) The set of incoherent states is defined by
Incoherent states in a given basis are free states.
(ii) A completely positive and trace preserving (CPTP) map Φ is said to be an incoherent operation if it can be written as With the dawn of Ref. [20] , many important quantifiers of coherence have been introduced which satisfy these properties, including K coherence, robustness of coherence, distancebased coherence, relative entropy of coherence, partial coherence, etc. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . In particular, Girolami sought an informational approach to coherence and proposed a measure called K coherence [21] using the Wigner-Yanase skew information,
. In this work, we will use an improved version of K coherence proposed by Luo et al. [32] and defined as
Other interesting developments in quantum coherence theory can be explored in Refs. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
B. UQSD
Consider a set of pure states
with a priori probability distribution p = (p i ). If given states have orthogonal supports then it is easy to devise a quantum measurement that discriminates them without any error. However, if the states are nonorthogonal then a perfect discrimination is impossible. It then becomes important to seek for the best quantum measurement to discriminate nonorthogonal states with the smallest possible error. The usual strategies to discriminate nonorthogonal states is typically divided into two classes, namely AQSD and UQSD. In AQSD, one always has an answer but with a probability of being wrong. On the other hand, in UQSD, one is guaranteed to never be wrong, but one that does not answer anything is also present. In UQSD, the task is to minimize the probability of an answer with no value.
UQSD was first employed for distinguishing between two quantum states. The optimal unambiguous discrimination of two nonorthogonal quantum states {|φ 1 , |φ 2 } with an equal a priori probabilities (i.e., p 1 = p 2 = 1 2 ), assisted by an auxiliary qubit, was performed with zero entanglement and nonzero discord [15] . In this strategy, the system is coupled to an auxiliary qubit A by a joint unitary transformation U such that
where |k A is a state of the auxiliary system, {|0 A , |1 A } is an orthonormal basis of A and |± = (|0 ±
with a priori probability distribution p = (p i ), then the upper bound on the success probability (P s ) of UQSD is given by [6] 
This means that the d quantum states
cannot be unambiguously discriminated with a probability greater than the upper bound given above by any UQSD strategy. There may exist a quantum measurement strategy that allows the success probability to reach the upper bound, but that is not always guaranteed.
III. UQSD WITH COHERENCE
In this section, we propose a strategy that exploits quantum coherence as a resource for the UQSD. Consider a qudit is randomly prepared in one of the d nonorthogonal and linearly independent quantum states
with a priori probability distribution p = (p i ). The system is coupled to a d + 1 dimensional auxiliary system A by a joint unitary transformation U SA such that
where α * i α j ϕ i |ϕ j = φ i |φ j and {|0 A , |1 A , · · · , |d A } is an orthogonal basis of the auxiliary system. After the joint unitary transformation U SA , the average quantum state is given as a mixed state
Note that ρ A i is pure for each i. If we perform the local measurement M = {|j A j|} d j=0 on the auxiliary system, the success probability to discriminate the state is given by
where I is the unit matrix for the principal qudit. Also, since ρ A i are pure for all i, the quantum states after the transformation do not contain any quantum correlation such as entanglement or quantum discord between the principal qudit and the auxiliary. This process only generates and consumes quantum coherence on the auxiliary system.
We now compute the mean of coherence for the basis {|j A j|} d i=0 of the auxiliary system. For this, we employ the measure of coherence defined by the Wigner-Yanase skew information (see Eq. (1)) on the auxiliary system, and define the mean of coherence as
Remark. Although we have employed the coherence measure defined by the Wigner-Yanase skew information which is a particular version of general quantum Fisher information (QFI), here we can quantify coherence with any version of the QFI since all versions of the QFI yield the same value for pure states. This means that it is possible to quantify the generated coherence via new avenues like parameter estimation (quantum metrology).
Another important ovservation here is that coherence is always generated except when the quantum states to be discriminated are mutually orthogonal (see Fig. 1 ). This means that coherence must be consumed for discrimination of nonorthogonal states. Thus coherence is an important resource for UQSD, and Eqs. (5) and (6) show a numerical relationship between coherence and the success probability of discrimination. However, it is difficult to directly evaluate the efficiency of state discrimination by the mean value of coherence. In general, the degree of coherence is determined by the degree of nonorthogonality between the quantum states. Nevertheless, in certain cases, we can use this mean value to find the optimal UQSD. Let us assume that the quantum states {|φ i } all i, from Eqs. (5) and (6) this follows that the success probability of the UQSD increases when the generated coherence increases. Thus, the optimal UQSD can be achieved by maximizing the mean of coherence. Conversely, when the nonorthogonality between the prepared quantum states is sufficiently small, we can perform an optimal discrimination by minimizing the mean of coherence.
In the following section, we compute the means of coherence for the optimal UQSD in some particular situations.
IV. QUANTIFYING COHERENCE FOR SOME OPTIMAL UNAMBIGUOUS DISCRIMINATIONS
Let us consider that a qubit is randomly prepared in two nonorthogonal and linearly independent quantum states {|φ 1 , |φ 2 } with a priori probability distribution p = (p 1 , p 2 ). And as in Eq. (3), the system is coupled to an auxiliary qutrit A by a joint unitary transformation U SA such that
where α * 1 α 2 = φ 1 |φ 2 and {|0 A , |1 A , |2 A } is an orthogonal basis of the auxiliary qutrit (it is always possible to make the two states {|ϕ 1 , |ϕ 2 } in Eq. (3) the same for two nonorthogonal quantum states). We denote γ = φ 1 |φ 2 for brevity. When p 1 |α 1 | 2 = p 2 |α 2 | 2 , one can distinguish between the two states with the optimal success probability given by
And, because
, the mean of coherence in Eq. (6) for the optimal UQSD is
If we compute the mean of coherence and obtain the value in Eq. (7), this means that the optimal UQSD has been performed.
The above discussion can also be extended to a qudit system described in Sec. III with Eq. (3). As in Eq. (2), with γ ij = φ i |φ j , the upper bound for the success probability of the UQSD is given by
The above inequality can be saturated when
Therefore, from Eqs. (6) and (9), the mean of coherence is
However, since this upper bound of success probability is not always achievable, it cannot in general be regarded as an optimal success probability. Likewise, we cannot be certain that the mean of coherence in Eq. (10) is for an optimal discrimination. But by comparing the computed mean value with Eq. (10), it is possible to estimate how similar or close our UQSD is to the optimal UQSD. Further, because α * i α j ϕ i |ϕ j = φ i |φ j and φ i |φ j for all i = j are fixed, the probability of success can be the greatest when the states |ϕ i in Eq. (3) are the same. If all states |ϕ i be the same, it only requires an auxiliary qubit to perform the optimal state discrimination. That is, the system is coupled to an auxiliary qubit A by a joint unitary transformation V SA such that (see Ref. [16] )
where α * i α j = φ i |φ j and {|1 , |2 , · · · , |d } is an orthogonal basis of the principal system. For the UQSD, we perform the measurement M = {|i i| ⊗ |1 A 1| , I ⊗ |0 A 0|} and compute the mean of coherence defined on the basis {|j j| ⊗ |0 A 0| , |j j| ⊗ |1 A 1|} d i=1 of the whole system. Then, the success probability and the mean of coherence respectively are given by
where
As introduced in Ref. [16] , if we prepare a qudit in one of the d nonorthogonal states
with an equal a priori probability p = (p i ) and nonzero |α| 2 = φ i |φ j for all i = j, then the UQSD requires only the right discord (no left discord and no entanglement), and the optimal success probability is obtained as P = 1 − |α| 2 . Also, because |α i | = |α| for all i, the mean of coherence is
In other cases, when |α| 2 = φ 1 |φ i = 0 for all i = 1, the optimal success probability can be expressed as [16] 
Since these probabilities are obtained from , and
when ≤ |α| ≤ 1. This means that in the above two cases, we can determine whether the UQSD is optimal or not by computing the mean of coherence and comparing it with Eqs. (12) and (13), respectively.
V. CONCLUSION
QSD using quantum correlations as a resource has been studied considerably. In this paper, we propose a protocol that requires coherence to unambiguously discriminate d nonorthogonal quantum states, assisted by an auxiliary system. We then provide a numerical relationship between the success probability of this strategy and the mean of generated coherence, measured by skew of coherence, on the auxiliary system after the unitary transformation. The degree of the generated coherence depends on the nonorthogonality between the prepared quantum states, and therefore it is difficult to use this as a measure of efficiency for the discrimination strategy. However, in some cases, we can improve the efficiency of the discrimination strategy by adjusting the degree of coherence generated. Finally, we compute the coherence that is generated when an optimal discrimination strategy is implemented in some special situations.
